Equids possess the unusual ability to Interbreed freely among the phenotypicaliy and karyotypically diverse member species of the genus to produce viable, but usually Infertile, offspring. The mule (female horse x male donkey) was humanity's first successful attempt at genetic engineering and Its clear expression of both parental phenotypes has contributed much to our understanding of genetic Inheritance over the centuries. 
The genus Equus is unusual for the ability of its phenotypicaliy and karyotypically diverse member species to interbreed freely to produce viable, although usually infertile, offspring. From the "Ancient Horse of Mongolia" {Equus przewalskii; 2n = 66), through the many and disparate breeds of domestic horse (E. caballus; 2n = 64), to the European ass or domestic donkey (E. asinus; 2n = 62), through the many Asiatic and African species of wild ass (e.g., E. hemionus; 2n = 54), to the very beautiful and finely striped Grevyi's zebra of Somalia and Northern Kenya (£. greuyii; In = 46) , the range of subspecies of common zebra in Central and Eastern Africa (E. burchelli; In = 44) and finally to the now rare Mountain Zebra of Southwest Africa (£". zebra; 2n = 32), the considerable range of hybrid foals born during the past 150 years makes it reasonable to suppose that any equine species will conceive to any other equine species if the female is inseminated with fertile semen at the correct time in her ovulatory cycle (Ewart 1898; Gray 1971; Short 1975b; Tegetmeier and Sutherland 1895) .
Equally unusual, and of considerable interest scientifically, has been the more recent discovery that at least the horse, donkey, and mule (E. mulus mulus; 2n = 63) within the equine family will accept, gestate, carry to term, give birth to and rear successfully truly xenogeneic extraspecific foals created by the use of the technique of between-species embryo transfer (Allen 1982b) . In this article we review some of the developmental, endocrinological, and immunological difficulties associated with the establishment of pregnancy and the survival of the xenogeneic fetus to term in mares and other equids when carrying interspecific hybrid or transferred extraspecific foals.
Interspecies Pregnancies
The Mule and Hlnny The mule (female horse X male donkey; 2n = 63) and the reciprocal cross, the ninny (female donkey x male horse; 2n = 63) are by far the most common equine hybrids, simply because the horse and donkey are the only two species of equids to have been domesticated in significant numbers. Many millions of mules have been produced over the past 5,000 years for their mixture of the physical and mental attributes of the two parental species. But in addition to its practical usefulness, the mule has intrigued and puzzled biologists since the time of Aristotle. As described by Short (1975a) , the clear and apparently equal mixture in the mule of the phenotypic characteristics of its two parents ran counter to Aristotle's "seed and soil" view of reproduction, in which the male donated the essential seed for the new offspring while the female merely provided the soil in which the male seed could grow. Centuries later, Spenser (1638-1686) and De Graaf (1641-1673) both used the mule as an example in their independent and revolutionary proposals that the females of all mammalian species also contribute "seed" to the generation of new individuals (see Jocelyn and Setchell 1972) . In more recent times, the infertility of mules and hinnies has similarly aroused the interest of geneticists. Wodsedalek (1916) was the first to reason that spermatozoa are not produced in the testes of male mules because of an incompatibility between the paternal and maternal sets of chromosomes leading to a block in meiosis. Fifty years later, Taylor and Short (1973) demonstrated that the same chromosomal incompatibility leads to partial meiotic arrest in female mules and hinnies, which results in a severely depleted stock of oocytes at birth.
It is Interesting that extensive data on the sex ratio of mules at birth show there is marked excess of females (56 female:44 male; Craft 1938), a dramatic confirmation of Haldane's law, which states that "in the case of interspecific hybrids the heterogametic sex is the one Figure 1 . (a) F, Interspecles foal produced by mating Its Welsh Pony domestic horse mother (E caballur, 2n = 64) to a Przewalsld's horse stallion (E. przeioalskii; 2n = 66) . (b) Two half-slb Interspecles F, foals produced by mating their F, Interspecles Przewalskl's horse X domestic horse mothers to a domestic horse pony stallion. The filly foal on the left In the photograph had a karyotype of 2n = 65 and was very Przewalskl's horsellke In appearance, whereas the colt foal on the right had a karyotype of 2n = 64 and, apart from a prominent dorsal stripe, was Indistinguishable from a normal pony foal. most likely to be absent, rare or sterile" (Haldane 1922) . The most plausible explanation for this phenomenon would appear to lie in the high mutation rate of genes on the Y chromosome, and especially of the testis-determining gene, SRY (Tucker and Lundrigan 1993; Whitfield et al. 1993) . Perhaps the horse and donkey SRY have diverged sufficiently from one another during the course of their independent evolution to the point where donkey SRY (and other Y-linked genes concerned with spermatogenesis) may now be unable to induce normal testicular development in some male hybrids. It would follow that the deficiency of males could be explained by the presence of a corresponding number of XY females in the hybrid offspring.
We still lack conclusive proof as to whether there is any consistent phenotypic difference between mules and hinnies, although in the light of our recent understanding about the exclusively maternal inheritance of mitochondrial DNA and the role of genetic imprinting (Barton et al. 1985) , such differences between the reciprocal hybrids might be expected.
The interspecies mating of a horse mare to a Jack donkey to produce a mule is as fertile, or even more so in terms of conception rates, as the straightforward intraspecies mating between either of the parental species. However, in the experience of the authors, and as is common knowledge in countries like Spain, Portugal, Greece and India, where equine hybrids are still bred and used in large numbers, the reciprocal cross between the female donkey and the male horse is very much less fertile. For example, during a 7 year period in the authors' laboratory in Cambridge, England, and at the Equine Immunogenetics Center in Ithaca, New York, a total of 159 attempts were made in successive breeding seasons to establish ninny pregnancies in 51 normal fertile female donkeys, using 6 pony stallions of known high fertility with a mixture of natural mating and artificial insemination. Only 18 conceptions (14%) occurred and 11 of these were in the same 3 female donkeys mated or inseminated in successive years (Allen et al. 1993b ). This striking disparity in fertilization rates between reciprocal hybrid matings in equids has parallels in other species. For example, high fertilization rates are achieved when inseminating female goats with ram semen, but many fewer conceptions occur when reciprocally inseminating ewes with goat semen (Hancock and McGovern 1964; Hancock et al. 1968) . Similarly, hybrid matings between the hare (Lepus americanus) and the rabbit (Oryctolagus cuniculus) produce high rates of fertilization when rabbits are inseminated with hare semen, whereas less than 10% of hare oocytes are fertilized by rabbit semen (Chang et al. 1964) . The mechanisms responsible for these large differences remain unknown, although it is tempting to suppose that the phenomenon of genetic imprinting (Barton et al. 1985) may play a role.
Other Equine Hybrids
The wide range of equine hybrids produced over the years has been well cataloged by Gray (1971) , King (1965), and Short (1975b) . These have included such unlikely combinations as the progeny produced by the mating of a domestic donkey to Somali, African, and Asiatic wild asses, and to Burchell's, Grant's, and Mountain zebra. Similarly, domestic horses have been mated to all the main zebra species, including Burchell's, Chapman's, Grant's, and Hartman's. In all the cases of successful birth in the latter group, the female of the partnership was a horse, in a similar manner to the production of mules. In any instances where reciprocal crosses were attempted by mating a male horse to female wild asses or zebra, conceptions failed to occur (Gray 1971) .
From these findings, and from the above-mentioned relative infertility of the female donkey x male horse mating to produce hinnies, it is tempting to speculate that fertilization may occur readily in any cross where the sire has a lower diploid chromosome complement than the dam. Conversely, conception may be more difficult in those crosses in which the sire has a higher diploid number than the dam.
Fertility of Equine Hybrids
Although male mules and hinnies can sometimes produce a few spermatozoa, these appear to be morphologically abnormal, with small heads (Chandley et al. 1974 ). There are no verified accounts of male mules or hinnies of proven fertility, in accord with Haldane's law. On the other hand, a number of unverified reports of individual fertile female mules were made in the early part of this century, the most notable of which was an animal owned by Texas A&M College in the 1920s that gave birth to two foals. One of these, sired by a donkey, was a female, and was typically mulelike in appearance and was infertile. The other, a colt sired by a horse, was completely horselike in appearance and was fully fertile (Anderson 1939) .
During the past decade there has been something of an upsurge of fertile female equine hybrids reported in the scientific literature and the majority of these have been verified karyotypically. For example, Ryder et al. (1985) confirmed by karyotyping the offspring and parents a foal born to a female mule mated to a donkey. Rong et al. (1988) confirmed karyotypically both a fertile mule and a fertile hinny in China, and Henry et al. (1995) described a female mule in Brazil that has given birth to several foals, some sired by a donkey and others by a horse. Chandley (1988) discussed the mechanisms that might function to enable these odd female mules and hinnies to be fertile. She argued in favor of the affinity hypothesis proposed originally by Michie (1953) , whereby chromosomally balanced haploid gametes might occasionally be produced by the movement of centromeres of similar ancestry to opposite poles at anaphase I of meiosis. This could leave a whole set of female parental chromosomes from one species remaining in the oocyte, with subsequent elimination of the paternal set to the polar body. Elimination of the donkey paternal set of chromosomes from the mule oocyte would leave only the maternal horse set remaining so that another mule would be produced if the animal was mated to a donkey. Conversely, a pure horse would result if the mating were to a horse stallion. This is exactly what apparently happened in the case of the Texas (Anderson 1939) , Nebraska (Ryder et al. 1985) , and Brazil mules (Henry et al. 1995) . However, when Chandley and her colleagues karyotyped the fertile mule and hinny in China, they found a mixture of horse and donkey chromosomes that suggested there had been random inheritance of both maternal and paternal chromosomes in the oocyte that was fertilized (Chandley 1988) .
Not all possible equine hybrids may be as infertile as the mule and hinny. Both the male and female offspring (2n = 65) of the cross between Przewalski's horse (E. przewalskii; 2n = 66) and domestic horse (E. caballus; 2n = 64) are fully fertile (Chandley et al. 1975; Koulischer and Frechkop 1966; Short et al. 1974 ). Also of considerable interest was the finding that the three progeny produced by mating an F, male Przewalski's horse X domestic horse hybrid (Figure la) to three pony mares were a filly with a karyotype of 2n = 65 that was very similar to Przewalski's horse in appearance and two colts, both of which had a karyotype of 2n = 64 and, apart from a prominent dorsal stripe, were indistinguishable in general appearance from a normal horse foal (Figure lb) . Gray (1971) listed a number of examples of hybrids between the domestic donkey and both Burchell's and Chapman's zebra that were reported to be fertile, although none of these cases were ever verified. On the other hand, Gray (1971) also listed examples of hybrids between the domestic donkey and the Persian wild ass (£ hemionus onager) and Somali wild ass (E. asinus africanus) and other hybrids between the various species of zebra and the domestic horse as being infertile.
Extraspecies Equine Pregnancies
In addition to their readiness to interbreed to produce hybrids, the use of embryo transfer techniques has highlighted a remarkable ability of the member species of the genus to accept and carry to term (or near term) a variety of truly xenogeneic extraspecies pregnancies. Over a 15 year period, in collaboration with the Zoological Society of London and the Equine Immunogenetics Center of Cornell University (Ithaca, New York), live offspring have Antczak et al. 1985; Davies et al. 1985; Kydd et al. 1985; Summers et al. 1987) . As summarized in Table 1 , development of the extraspecies conceptus in a xenogeneic uterine environment caused marked differences in the rate of development, final size, life span, and endocrine activity of the equine endometrial cups. These structures are unique to equids and they develop as a series of raised, ulcerlike endometrial protuberances arranged in a circle around the conceptus in the gravid uterine horn. They are present between days 40 and 120 of gestation and each cup consists of a densely packed mass of large blnucleate, epithelioid trophoblast cells interspersed with occasional blood vessels and the distended fundic portions of the endometrial glands (Amoroso 1955; Clegg et al. 1954) . These highly specialized fetal cells secrete the unusual gonadotrophic hormone, equine chorionic gonadotrophin (eCG), which enters the maternal bloodstream via a complex group of lymph sinuses that develop beneath each cup (Clegg et al. 1954) . It stimulates the development of progesterone-secreting accessory corpora lutea in the maternal ovaries, which help to maintain the pregnancy (Amoroso et al. 1948; Cole et al. 1931) .
The large, eCG-secreting endometrial cup cells originate from the annulate chorionic girdle region of the trophoblast, which develops as a thickened band of hyperplastic and specialized cells between days 25 and 36 after ovulation at the point on the spherical conceptus where the enlarging allantoic and regressing yolk sac membranes abut each other (Figure 2a ; Allen and Moor 1972; Ewart 1897; van Niekerk 1965) . Between days 36 and 38, the entire chorionic girdle peels off the underlying membrane and the girdle cells vigorously destroy the lumenal epithelium to enter the endometrial stroma ). Here they quickly round up, enlarge greatly, and become closely packed together to form the definitive endometrlal cup (Figure 2b ; Hamilton et al. 1973) .
The transferred extraspecies pregnancies have served to highlight the marked Interacting influences of fetal genotype and maternal uterine environment on the development and invasiveness of the progenitor chorionic girdle on the equine conceptus and, hence, upon the size and hormone output of the resulting endometrial cups. Two types of extraspecies pregnancy are worthy of special mention.
Mule Embryos in Donkeys
Earlier studies (Allen 1969 (Allen , 1975 showed dramatic differences in the size, productivity, and life span of the endometrial cups in mares carrying intraspecies horse or interspecies mule conceptuses versus donkeys carrying intraspecies donkey or reciprocal interspecies hinny conceptuses (Figure 3) . A broad, thick, and active chorionic girdle develops on intraspecies horse and interspecies hinny conceptuses, both of which have a horse as the sire, and this gives rise to large and active endometrial cups in both types of pregnancy that secrete high concentrations of eCG into the maternal bloodstream, with persistence of gonadotrophic activity until 120-140 days of gestation. Conversely, a much narrower and thinner chorionic girdle forms on intraspecies donkey and interspecies mule conceptuses, which both have the donkey (E. asinus; In = 62) as the sire. This smaller girdle gives rise, after invasion of the maternal endometrium, to much smaller and less productive endometrial cups, so that eCG levels in maternal serum are considerably lower. In the mare carrying the mule, gonadotrophin secretion is short-lived due to an excessive maternal cell-mediated response to the invading trophoblast cells that causes premature necrosis and sloughing of the dead cup from the endometrium (Allen 1975) . At first sight, this situation would appear to reflect the genomic imprinting associated with placental development in mammals that was highlighted by the classic studies of Barton et al. (1985) . These authors compared fetal and placental development in gynogenetlc and androgenetic mouse embryos constructed by micromanipulation and polar body injection and concluded that the maternal genome contributes preferentially to the makeup of the embryo and the paternal genome to the placenta. Could chorionic girdle development in equids also be controlled by the paternal genome, such that the horse genome gives rise to a broad girdle, while the donkey genome stimulates the development of a narrow girdle? Although at first sight this would appear to explain the differences In eCG production by the reciprocal hybrids, one experiment Involving embryo micromanipulation and between-specles transfer refutes this and casts a whole new light on the question.
A mule morula, recovered nonsurgically from a mare on day 6 after ovulation, was bisected using a micromanipulator (Skidmore et al. 1989) . One of the resulting two demi-embryos was transferred surgically to a mare while the other was transferred to an unmated female donkey. Two other intact mule blastocysts recovered on day 7 were also transferred to unmated donkeys. All four recipients became pregnant and were bled thrice weekly from day 30 after ovulation to measure eCG profiles. Their uteri and ovaries were recovered postmortem between days 60 and 63 for gross and microscopic examination of the endometrial cups and secondary luteal development in the ovaries.
In the surrogate mare carrying one demi-mule embryo, small, narrow, and prematurely necrotlc endometrial cups were present in the uterus on day 63 and she showed a peak serum eCG concentration of only 11 IU/ml on day 56 (Figure 4) . Thus, the situation was typical of a mare carrying her own mule conceptus and it reflected the development of the characteristically narrow chorionic girdle on the mule conceptus (Allen et al. 1993b; Enders et al. 1996) . However, in the donkey carrying the other demi-mule embryo, and in both donkeys given intact mule embryos, very large, broad, and productive ( Figure  4 ) endometrial cups had developed as a result of the earlier invasion of the endometrium by a much broader and more-active chorionic girdle which had formed on the surface of the mule conceptuses developing in the xenogeneic donkey uterus. These large cups produced a peak serum eCG concentration as high as 236 IU/ml in the recipient donkey (Figure 4) .
Thus, contrary to the view that the imprinted paternal genome determines the fate of the girdle, it is clearly the uterine environment which exerts the overriding influence on the whole process. It is reasonable to suppose that the stimulus for the initial formation of the chorionic girdle, and the day-to-day control of its growth, maturation, and invasive properties, could be mediated by locally produced mitogenic growth factors. Indeed, recent studies in the uteri of mares during early pregnancy have revealed the presence of high concentrations of mRNA and/or proteins and the receptors for epidermal growth factor (EGF) and transforming growth factor-61 (TGFpi) in the endometrium, and insulin-like growth factor II (IGF-II) and hepatocyte growth factor-scatter factor (HGF-SF) in the component tissues of the conceptus membranes. There Is also marked upregulation of mRNA expression for EGF, TGFB1, and HGF-SF during the period of development of the chorionic girdle and Its subsequent Invasion of the maternal endometrium (Lennard et al. 1995a,b,c; Stewart et al. 1995) .
Based on the studies of Barlow et al. (1991) and Dechiara et al. (1990) , which demonstrated reciprocal genomic imprinting of IGF-II and its receptor in pregnant mice, Allen et al. (1993b) postulated a mechanism to explain the dramatic influence of the donkey uterus on the development of the mule chorionic girdle. Perhaps a growth factor playing a leading role in the development of the chorionic girdle and secreted by the endometrium under maternal genetic control may be able to bind only weakly to its receptor on the placenta (which is under paternal genomic control) when a mule conceptus is in a horse uterus. But when that same mule conceptus Is placed in a donkey uterus, the growth factor produced by the donkey endometrium can now bind avidly to the paternally controlled (donkey) placental receptor on the conceptus and so stimulate the development of a much enlarged and more active chorionic girdle (Allen et al. 1993b ). This hypothesis awaits experimental testing.
Donkey-in-Horse Model of Pregnancy Failure
The other type of extraspecific pregnancy of great interest is that created by the transfer of a donkey embryo (E. asinus; 2n = 62) to the uterus of a mare (£. caballus; In = 64). Here the pure donkey chorionic girdle on the transferred conceptus develops so poorly that the resulting narrow and disorganized band of trophoblast cells that constitutes the chorionic girdle fails to invade the maternal endometrium of the surrogate mare at 36-38 days after ovulation. As a result, endometrial cups do not develop and eCG remains absent from maternal blood throughout gestation. Nevertheless, the donkey conceptus continues to differentiate and develop normally until about days 60-65, but in most cases without the normal interdigitation of allantochorionic villi with endometrial crypts that commences about days 42-45 in conventional intraspecific equine pregnancy (Allen 1982b; Samuel et al. 1975 ).
In about 70% of donkey-in-horse pregnancies, implantation fails completely, with the result that the fetus becomes increasingly starved and stressed until it finally dies and is aborted between days 80 and 100 (Allen 1982b) . Furthermore, this 20-30 day process of fetal decline is accompanied by a dramatic influx of leucocytes into the whole of the area of endometrium In contact with donkey trophoblast, giving the appearance of a vigorous and successful maternal cell-mediated cytotoxic response to the xenogeneic trophoblast cells of the unimplanted placenta . In the other 30% of donkey-in-horse pregnancies, however, the rate of attachment and interdigitation of the allantochorion and endometrium is slower than in ongoing intra-or interspecies pregnancies, but it occurs eventually and these "successful implanters" then develop relatively normally until term. Here some foals are born live and robust, having clearly benefited from the larger area of placenta! exchange that is possible in the bigger uterus of the recipient mare ( Figure 5 ). However, other donkey foals are born weak and nutritionally deprived as a result of a much smaller than normal placenta with fewer and less well-developed microcotyledons per area of tissue (Allen et al. 1993b) . Therefore, in a series of experiments, endocrinological or immunological "treatments" were given to mares carrying donkey conceptuses in an attempt to reduce the 80-100 day pregnancy loss rate in this model. For example, administration of high doses of partially purified eCG (20,000-300,000 IU) or high daily doses of the synthetic orally active progestagen, allyl trenbolone (Regumate; Hoechst Animal Health, Beds, England) between 35 and 85 days of gestation both failed to increase the survival rate of the donkey-in-horse fetuses (Table 2) . However, two types of immunological therapy seemed to result in a marked improvement in fetal viability. The first involved the infusion of large volumes (1 L) of serum recovered from mares carrying normal intraspecies horse pregnancies at equivalent stages of gestation into their counterparts carrying donkey fetuses at 3-5 day intervals between days 40 and 80 of gestation. Here, three of the six mares (50%) infused with pregnant mares serum remained pregnant, whereas all three of the mares infused similarly with serum taken from nonpregnant mares aborted dead and emaciated fetuses before day 100 (Table 2 ; Allen et al. 1987) . The second immunological treatment involved active immunization of each of nine recipient mares, four times between days 20 and 50 of gestation, with donkey peripheral blood lymphocytes recovered from either the genetic parents of the fetus being carried or from unrelated male and female donkeys. In this experiment, six of the nine immunized mares remained pregnant to give a much increased fetal survival rate of 67% (Table 2) . On the other hand, it was not possible, on the basis of plasma progesterone profiles or other clinical parameters, to predict prospectively, or determine retrospectively, why the remaining three immunized mares aborted their donkey conceptuses . These inexplicable differences in the responses of individual mares when carrying donkey conceptuses beg the question of whether the whole phenomenon of early pregnancy failure in this model is mediated immunologically or has a genetic basis. Two further findings argue for a combination of these two influences, as exemplified by the high correlation that exists in the outcome of successive donkey pregnancies established in the same recipient mares. On the one hand, of 10 mares that carried their first donkey pregnancy successfully, no fewer than 9 carried a second donkey conceptus without any form of treatment, and 2 of these carried a third donkey pregnancy, again without treatment. On the face of it, this result seems to hint strongly of a genetic component in the recipient mares whereby one has, in simple terms, "good mothers" and "bad mothers" with regard to the ability to gestate a foreign donkey embryo . In contrast, however, all of seven mares that aborted their first donkey pregnancies aborted second donkey conceptuses transferred to them in the following breeding season; six of these seven abortions occurred significantly earlier in gestation and both of the third successive abortions of donkey fetuses carried out in two of the mares occurred even earlier still. This pronounced decrease in the interval from embryo transfer to abortion in second and later donkey-in-horse pregnancies is reminiscent of immune memory, one of the hallmarks of the immune system (Allen et aJ. 1987) . Clearly, much more work is needed before we will even begin to distinguish between the two phenomena.
Conclusions
In summary, the genus Equus is of considerable interest because of the ability of its member species to produce a wide range of interspecific hybrids, which appear to obey Haldane's law, and to carry an array of phenotypically, genetically, and immunologically different interspecific and extraspecific pregnancies. This readiness of the maternal immune system to accept such "foreignness" in the uterus during the course of gestation is all the more surprising in view of the unusual injection of specialized trophoblast cells that express high levels of major histocompatibillty complex (MHC) class I (Donaldson et al. 1992) , species-related (Allen 1975) and tis- sue-speclfic (Oriol et al. 1989) antigens into the maternal endometrium to provide the endometrial cup reaction . This considerable antigenic challenge to the mother is clearly recognized and responded to by her, as exemplified by her production of high titres of allospecific lymphocytotoxic antibody (Allen 1979; Antczak et al. 1984 ) and her vigorous cell-mediated reaction against the endometrial cups, especially in the interspecies and extraspecies pregnancies (Allen 1975; Allen et al. 1987) .
But perhaps of even greater interest is the evidence provided by the donkey-inhorse model of extraspecies pregnancy, which points to a definite need for the endometrial cup reaction for placentation and fetal survival, not as a result of the hormonal output of the cups, but because of the strong antigenic stimulus the invading trophoblast cells give to the maternal organism. If the annulate chorionic girdle does not develop properly and fails to invade the maternal endometrium about days 36-38, the implantatlon/placental interdlgitation reaction is not triggered in the endometrium and a savage cell-mediated attack is mounted against the xenogeneic placenta and fetus. But if the girdle does manage to invade the endometrium, the resulting antigenic stimulation of the mother induces in her a protective, rather than cytotoxic, immunological response toward her fetus. The amazing strength and success of this protective reaction, when elicited correctly, is illustrated by the considerable genetic diversity of the offspring of the group of experimental pony mares shown In Figure 6 .
